ABSTRACT Drug resistance in Gram-negative bacteria may be conferred via efflux through a tripartite complex of an inner membrane pump, an outer membrane pore, and a periplasmic adaptor protein. These are AcrB, TolC, and AcrA, respectively, in Escherichia coli. In Pseudomonas aerugonisa, their homologs are MexB, OprM, and MexA. Defining the interdomain dynamics of the adaptor protein is essential to understanding the mechanism of complex formation. Extended (25 ns) molecular dynamics simulations of MexA have been performed to determine such interdomain dynamics. Analysis of conformational drift demonstrates substantial motions of the three domains of MexA relative to one another. Principal components analysis reveals a hinge-bending motion and rotation of the a-helical hairpin relative to the other domains to be the two dominant motions. These two motions provide an element of considerable flexibility which is likely to be exploited in the adaptor function of MexA.
INTRODUCTION
Drug resistance in bacteria is conferred by inner membrane (IM) efflux proteins or pumps (1) (2) (3) . These pumps can expel a wide range of antibiotics, resulting in multi-drug resistance and complicating the development of novel therapies. In Gram-negative bacteria a number of these efflux pumps recruit an outer membrane (OM) channel plus a periplasmic protein and assemble into a tripartite drug transport complex (3) (4) (5) . This complex spans the entire periplasmic region, forming to a long molecular 'tunnel' for drugs, which are thus directly extruded from the cell without release into the periplasm (6, 7) .
AcrB is an IM efflux pump from Escherichia coli. The solute specificity of AcrB is quite broad, as the pump is able to extrude cationic, anionic, and neutral substrates. AcrB is a proton antiporter. It interacts with the OM tunnel protein TolC (8) . The interactions between AcrB and TolC are mediated by a third accessory protein, AcrA, which is located in the periplasm. All three components are required for drug transport across the two membranes (i.e., the IM and OM; Fig. 1 A) . In Pseudomonas aeruginosa, the corresponding proteins and their percentage sequence identities to their E. coli homologs are MexB (homologous to AcrB, 69% identity), OprM (homologous to TolC, 19% identity), and the periplasmic protein MexA (homologous to AcrA, 57% identity).
The x-ray crystal structure of AcrB has been solved (9) at 3.5-Å resolution. AcrB is a trimer, with each monomer containing 1049 amino acids. The monomer is made up of two main domains, a periplasmic, extramembranous headpiece and a transmembrane (TM) region. These are ;70-Å and ;50-Å thick, respectively. The top of the periplasmic domain of AcrB has a diameter of ;30 Å , similar to the internal diameter (;35 Å ) of the lower part of TolC (8) . TolC is a trimeric protein, composed of two domains. An ;100-Å -long a-helical barrel spans the periplasm, and a 12-stranded b-barrel spans the OM. A similar structure has been observed recently for OprM, a TolC homolog from P. aeruginosa (10) and for the Vibrio cholerae homolog VceC (11) .
To form a continuous transport system across the IM, periplasm, and OM, the IM and OM components of the efflux pump are connected by a periplasmic adaptor protein.
The structure of the AcrA homolog from P. aeruginosa, MexA, has been determined (12, 13) . More recently, the structure of the E. coli protein AcrA has become available and shows a close conservation of the structural elements found in MexA (14) . In Fig. 1 B we show the three domains of MexA: an a-helical hairpin; a b-sheet domain (formed by a lipoyl and a b-barrel subdomain); and a small C-terminal a-helix. In this structure the C-terminus is in close proximity to the N-terminus. This excludes a membrane fusion model (15, 16) for this adaptor protein, as it would require a reversible disruption of three stable domains. From the crystal structure, an interaction between the a-helical hairpin of MexA and the coiled coil periplasmic domain of OprM might be proposed. Although the MexA monomers pack together in the crystallographic asymmetric unit such that the hairpin loops of the two arcs are arranged head-to-head, this arrangement is not likely to exist in vivo. Indeed, the adaptor protein is anchored to the IM by a single TM helix or by a fatty acid N-terminus. In this orientation the a-helical hairpin would extend in the periplasm, leading to a possible interaction with the base of the OM protein. As shown by direct cross-linking and isothermal calorimetry (17) , AcrA and TolC contact each other. It is reasonable to speculate that such a protein-protein contact is mediated by the a-helices of the two proteins. Furthermore, the (a 1 b)-domain of the adaptor would be located proximal to he IM protein (AcrB/ MexB). Biochemical and genetic data suggest that the C-terminal domain of AcrA/MexA contacts the IM component, AcrB/MexB (17) (18) (19) . Nevertheless, despite a general acceptance of the orientation of MexA within the periplasm, a number of different models have been proposed for the interaction of it with the other two proteins (12, 13, 20) . A threefold symmetric ring of MexA monomers is generally favored, although the exact number of monomers remains to be defined. In the crystal structures of AcrB and TolC (and of OprM) the pore running through the center of each protein is closed (at the periplasmic mouth of the pore in the case of TolC and OprM). It is possible that the interaction between TolC and the adaptor protein (i.e., AcrA/MexA) leads to opening of the exit pore.
As suggested by Fernandez-Recio et al. (20) , a structural adjustment by the periplasmic adaptor protein seems to be required to engage both the bottom part of TolC and the top region of AcrB. Molecular dynamics (MD) simulations provide one way to explore conformational flexibility of proteins (21) . Alternative approaches include, e.g., normal mode analysis (22) (which shares a common force field with MD simulations). In this work we use three MD simulations of duration $20 ns combined with principal components analysis (PCA) to describe the conformational dynamics of MexA. The major motions observed are the hinge bending of the two domains and the rotation of the b-barrel domain. These can be related with the role of MexA as a flexible molecular adaptor between the OM and IM proteins during the assembly and opening of functional pores across the twomembrane system.
METHODS
The 3.0-Å resolution x-ray structure of MexA (Protein Data Bank code 1T5E) was used as a starting structure. A single monomer was solvated with SPC water. The protonation states of the amino acids were based on pK A calculations performed using WHATIF (23) , setting the pH at 7. Na 1 and Cl ÿ ions were added in numbers equivalent to a ;0.1-M solution. The total simulation system was therefore ;166,000 atoms. The simulation was performed using GROMACS (www.gromacs.org) (24) . The LINCS algorithm (25) was used to constrain all bond lengths. A cutoff of 1.0 nm for Lennard-Jones interactions was used, and the particle mesh Ewald method (26, 27) was employed to calculate longer-range electrostatic contributions on a grid with a 0.12-nm spacing and a cutoff of 1.0 nm. The simulation was conducted at constant temperature (300 K), coupling each component separately to a temperature bath with a coupling constant t T of 0.1 ps using the Berendsen coupling method (28) . A constant pressure of 1 bar has been applied in all the three directions, with a coupling constant of 1.0 ps. The time step used was 2 fs, with coordinates stored every 2 ps. Three simulations were performed, with different random seeds: MD1 was 25 ns in duration, whereas simulations MD2 and MD3 were each of duration 20 ns. Before running each simulation, an energy minimization was performed. The first 0.5 ns of simulation were performed imposing positional restraints on the non-H atoms of the protein, applying a force constant of 1000 kJ mol ÿ1 nm ÿ1 . The positional restraints were then released and 20-25-ns production runs were obtained and analyzed. Analysis programs from GROMACS were used. Secondary structure analysis used DSSP (29) . The Dynamite server (www.biop.ox.ac.uk/ dynamite (30)) was used to aid PCA of the MD trajectory. Visualization used visual molecular dynamics (31) .
RESULTS

Stability of the simulation and dynamics of MexA
As a first check of the stability of simulation MD1, the root mean-square deviation (RMSD) of MexA from its initial conformation may be determined. To this end the RMSD of the protein Ca atoms has been evaluated ( Fig. 2 A) . In the first 18 ns of the simulation a quasiperiodic behavior of the RMSD is observed, followed by a more monotonic increase after 18 ns. Despite a relatively high final Ca RMSD (;0.6 nm), the fold of the protein remained intact. A similar behavior is seen in simulations MD2 and MD3, with a quasiperiodic behavior of the RMSD being seen in both cases.
From visualization and from analysis of the secondary structure as a function of time, it was evident that no dramatic changes in fold occurred. Instead, it appeared that the relatively large RMSD was due to interdomain motions. Subsequently, to define the largest contribution to the RMSD from the different domains of the protein, the RMSDs of the single domains with respect to their starting coordinates were also determined (Fig. 2 B) . From this analysis it appeared that the largest deviations from the initial conformation were due to the b-barrel domain during the whole simulation and to the a-helical hairpin during the first 5 ns of the simulation. Nevertheless, there is no dramatic increase of any of these plots. Thus the individual domains did not undergo any substantial conformation drift, indicating that high overall RMSD must reflect interdomains motions. To explore the relative motions of different domains, the RMSD of the b-sheet domain with respect to the starting structure with fitting of successive simulations frames on the a-hairpin domain and vice versa have been analyzed. The results are shown in Fig. 2 C. By calculating the RMSD of one domain with respect to the starting position of the other domain, we focus on the motion of the analyzed domain, keeping the other fixed. From Fig. 2 C it can be seen that, for the first 18 ns of simulation, the Ca RMSD of the a-hairpin with respect to the b-sheet has a similar magnitude and temporal profile to the Ca RMSD of the b-sheet with respect to the a-hairpin. This is thought to be a consequence of a concerted motion of the two domains in which neither one dominates the other. Furthermore, these two RMSDs correspond with that for the protein as a whole (Fig. 2 A) . This indicates that this concerted motion of the two domains is the major contribution to the global motion of the protein during the first part of the simulation. After 18 ns, the RMSD of the hairpin shows an increase as well as the total RMSD. This result is in agreement with a dominant motion of the hairpin with respect to the rest of the protein responsible for the increase in the total RMSD.
Principal components analysis
A common approach in the identification of the major motions of a protein is the use of PCA (32, 33) . This general method is widely used to reduce the dimensionality of a complex data set and so can be applied to decompose a complex motion of proteins into a few principal motions, each of which is characterized by an eigenvector and an eigenvalue. The eigenvalue for a given motion represents the contribution of the corresponding eigenvector to the global motion of the protein.
PCA of the MexA simulation reveals that the first 10 eigenvectors account for 92% of the global motion in simulation MD1 and that the first eigenvector corresponds to 53% of the total motion and the second to a further 20% (Fig.  3) . The comparable figures are 52% and 20% for MD2, and 37% and 23% for MD3. Thus, a first approximation is provided by restricting our analysis to the first two eigenvectors, with this providing a reliable description of the dynamics of the protein. Visualization of the eigenvectors (via Dynamite) generates a 'porcupine' plot (34) . In this representation, each Ca atom is linked to a cone which points in the direction of motion described by the eigenvector for that atom. The length of the cone is proportional to the amplitude of the corresponding motion. From such analysis applied to all three simulations (Fig. 4) it can be seen that in MD1 and MD3 the first principal motion is a rotation of the b-sheet domain FIGURE 3 Eigenvalue spectra of the diagonalized covariance matrix, for simulation MD1. The first eigenvector contributes 53% to the total motion of the protein, whereas the second eigenvector contributes 20%. and consequent bending of the helical hairpin, whereas the second eigenvector is a hinge bending of the two domains. In MD2 the first eigenvector corresponds to hinge bending, and the second eigenvector to rotation.
To better understand the behavior of MexA during the 25 ns of simulation MD1, a projection of the trajectory onto the first two eigenvectors was analyzed (Fig. 5) . Starting from a middle position (close to the projection of the starting coordinates of MexA onto the two eigenvectors), the protein first samples a region on the left of the plot (in red), and after 15 ns, it goes to a different region of the plane to the right (highlighted in blue) by passing through conformations similar to the starting structure. Thus, the protein is sampling different conformational spaces during the simulation. This can be viewed as a passage from one energy minimum to another, starting from a saddle point, the x-ray structure, and crossing it again during the simulation. In the first minimum, the protein undergoes mostly a hinge-bending motion of the two main domains whereas in the second, rotation of the a-helical hairpin is observed. This is revealed by the snapshots of the average structures extracted along the simulation trajectory (Fig. 5, A-C) .
It is interesting to point out that if one analyzes a shorter trajectory (the initial 15 ns) the same two eigenvectors were observed, but inverted, i.e., the hinge bending was the first eigenvector and the rotation the second one. Thus, a shorter simulation did not as completely sample the conformational space but did reveal the overall pattern of flexibility of the protein.
These movements provide considerable flexibility within MexA, enabling it to dynamically bridge the IM and OM proteins of the drug efflux complex (MexB and OprM, respectively). Both the hinge bending and the rotation of the domains thus may be related to the biological activity of MexA, helping it to link together the IM and the OM proteins. FIGURE 4 Images of the motions corresponding to the first two eigenvectors for simulations MD1, MD2, and MD3. Each Ca atom has a cone attached pointing in the direction of motion described in the eigenvector for that atom. Thus, in simulations MD1, the first eigenvector (EV1) corresponds to a rotation of the small a-helix at the end of the b-barrel subdomain; and the second eigenvector (EV2) corresponds to a hinge-bending motion between the a-helical hairpin and the b-domain. The same pattern is seen in simulation MD3, whereas in MD2 the hinge-bending motion is EV1 and the rotation is EV2. FIGURE 5 Projections of the trajectory of the MexA simulation onto the first (EV1) and second (EV2) eigenvectors. A gradient of colors from red to blue is used to track the protein over the 25 ns of simulation. The black circle indicates the projection of the starting structure onto the first and second eigenvectors. Two distinct conformational spaces are sampled during the simulation; the left-hand section of the plot (mostly in red) corresponds to hinge-bending of the two principal domains, whereas the right-hand section (mostly in blue) corresponds to rotation of the hairpin with respect to the b-strands. In red (A), we show the average structure over the first 5 ns, in purple (B) the average between 5 and 10 ns, and in blue (C) the average over the last 5 ns. In the first structure, an enlargement of the angle between the two domains is observed, corresponding to the hinge-bending motion, whereas the major difference between the blue structure and the x-ray structure lies in the bending of the hairpin.
The flexibility of a protein is also often revealed by looking at the root mean-square fluctuation (RMSF) of each residue from its time-averaged position. (The average was calculated for the whole 25 ns of simulation MD1.) In Fig. 6 we show the Ca RMSF as a function of residue number. As expected, the largest fluctuations are for the loop between the two a-helices forming the hairpin and for two loops in the b-barrel domain. Interestingly, the first two (i.e., the hairpin and one of the two b-domain loops) appear to be correlated in their motion, as highlighted by the correlation matrix in Fig. 7 B. In particular, a correlation between the motion of residue 106 at the tip of the helical hairpin and residue 213 in the b-barrel is observed.
DISCUSSION
Although the mechanism of drug extrusion used by Gramnegative bacteria remains incompletely characterized, the coparticipation of an IM protein and on OM protein is generally accepted. It is also established that these two proteins interact via a third periplasmic protein. In this work we analyzed the results of three extended simulations of the dynamics of one of those 'accessory' proteins, MexA from P. aeruginosa. The results of these MD simulations provide us with an insight into the dynamic behavior of the protein.
We observed a relatively flexible behavior, although the protein fold remained stable during the whole 20-25 ns of each simulation. The major motions correspond to interdomain motions, rather than flexibility within a given domain. The observed interdomain motions are the result of two principal motions. These latter consist of a bending of the protein involving the two principal domains, the helical hairpin and the b-strands, and a rotation of one domain with respect to the other (Fig. 4) . It is of interest to note that sitedirected spin labeling studies of AcrA have indicated pHinduced conformational changes (35) .
Thus, PCA reveals two motions that provide an element of flexibility, which is likely to be exploited in the adaptor function of MexA. In the x-ray structures of both TolC and OprM, the lower (i.e., periplasmic) part of the protein is formed by an a-helical domain. In this domain, the helices twist in a coiled coil conformation. This region of the OM protein could interact with the helical hairpin of the periplasmic protein. Additionally, the b-strands of MexA could interact with the upper part of the IM protein, the socalled docking domain. Some rearrangements of MexA may be needed to enable it to interact with the IM and the OM proteins (20) . It is possible that such interactions may modulate the intrinsic pattern of flexibility of the MexA molecule. Thus, MexA could adopt a different angle between the domains, as indicated by the first principal motion, or a different orientation of the two domains with respect to one another, as shown by the second eigenvector. A further possibility is that a concerted motion, which includes both the eigenvectors observed in the MD simulations, plays a functionally important role.
It thus seems likely that the flexibility of MexA is an important, and probably essential, requirement for this periplasmic protein to act as an adaptor between the two membrane proteins. This adaptor activity of MexA is necessary to allow the formation of a long channel able to span the whole periplasmic region and to extrude the drugs from inside the cell to the outside. In our simulations, we observed the protein to sample two different conformations while passing through the x-ray structure. This might lead us to hypothesize either an energy profile with two minima and one saddle point (the x-ray structure) or one with three minima. The latter hypothesis is perhaps in better agreement with stability of the conformation adopted by the protein during the crystallization process. We do not exclude the existence of other minima, probably reached by the protein after interaction with the IM or the OM protein. The timescale of the latter process is still beyond the limit of atomistic simulations.
In the crystal structures of AcrB and TolC the pore running through the center of each protein is closed (at the periplasmic mouth of the pore in the case of TolC and OprM). It is possible that the interaction between TolC/ OprM and the adaptor protein (i.e., AcrA/MexA) leads to opening of the pore. In the proposed mechanism of opening of the OM protein (8,36) a twisting of the helices, involving especially the lower part of the protein, is required. This may be related to the rotation and twisting of the a-helical hairpin of the periplasmic protein, revealed by the first eigenvector. The enlargement and closing of the angle between the two main domains, corresponding to the second eigenvector, could be involved in the interaction of MexA with both the inner and the OM proteins. We therefore suggest a mechanism in which MexA aids the opening of the OM protein, with a rotation of its helical domain (first eigenvector), after close interaction with the helical domain of the latter. MexA would also 'clamp' together IM and OM proteins with a flexible change in the angle between its two main domains (second eigenvector). Current models of the assembled transporter complex place the helical hairpin (around 101) in contact with the OM component and the correlated region around 213 close to the IM component. One might speculate that the observed MexA 106-213 correlated motion could link corresponding movements of the IM and OM components, and thus could be central to the opening mechanism.
Since the submission of this work, the structure of AcrA has been determined (14) . The fold of AcrA is, as expected, very similar to that of MexA. Interestingly, comparison of the four AcrA monomer structures in the asymmetric unit of the AcrA crystal structure reveals significant differences in their conformation. In particular, the four x-ray structures suggest hinge bending at the junction between the helix hairpin and lipoyl domains. The maximum difference in hinge angle the authors observe is ;15°. If we calculate the equivalent angle for simulation MD1 of MexA, using the lipoyl subdomain as a reference and the vector from the base to the tip of the a-helical hairpin, the range is 19°. Thus, the x-ray structure of AcrA and the simulations of MexA seem to point toward a comparable degree of flexibility in these two homologs. This strongly supports our suggestion of dynamic flexibility in the MexA molecule.
Of course, simulation studies are a complement to experimental studies, and we should remain aware of the potential limitations of both approaches. In the case of the simulations, their duration is such as to result in incomplete sampling of conformational space (37) . However, we note that three simulations (with similar starting conditions but different initial velocities) yielded a similar picture of the interdomain dynamics of MexA, and so we are reasonably confident of the robustness of the result presented in this work. Furthermore, the simulations described are of the monomeric form of MexA, and it is possible that the conformational dynamics are modulated when a protein/protein complex is formed (38) . However, simulations of the monomer do reveal its intrinsic flexibility and so aid in the process of forming a more complete picture of the mechanism of the tripartite drug transport complex. This provides a specific example of a more general role for extended MD simulations as a method for unmasking the interdomain dynamics of components of multi-protein assemblies.
